Circadian clocks generate 24-hr rhythms in physiology and behavior. Despite numerous studies, it is still uncertain how circadian rhythms emerge from their molecular and neural constituents. Here, we demonstrate a tight connection between the molecular and neuronal circadian networks. Using fluorescent transcriptional reporters in a Drosophila ex vivo brain culture system, we identified a reciprocal negative regulation between the master circadian regulator CLK and expression of pdf, the main circadian neuropeptide. We show that PDF feedback is required for maintaining normal oscillation pattern in CLK-driven transcription. Interestingly, we found that CLK and neuronal firing suppresses pdf transcription, likely through a common pathway involving the transcription factors DHR38 and SR, establishing a direct link between electric activity and the circadian system. In sum, our work provides evidence for the existence of an uncharacterized CLK-PDF feedback loop that tightly wraps together the molecular oscillator with the circadian neuronal network in Drosophila.
In Brief
Using fluorescence transcriptional reporters in an ex vivo brain culture, Mezan et al. describe the existence of a reciprocal negative regulation between CLK activity and pdf transcription and signaling. Hence, this work uncovers an uncharacterized regulatory loop in Drosophila pacemaker neurons that integrates essential intra and extracellular circadian factors.
INTRODUCTION
Behavior and physiology of most animals follow 24-hr (circadian) rhythms. These rhythms have a molecular basis and depend on self-sustaining transcriptional/post-translational feedback loops (TTFLs) (Darlington et al., 1998; Lee et al., 1998; Rosbash et al., 2007; Zheng and Sehgal, 2008) . In Drosophila, CLK and CYC drive circadian oscillations by promoting rhythmic transcription of several key genes, including PER, TIM, and CWO, which repress CLK-CYC-mediated transcription (Allada and Chung, 2010) . In addition to transcriptional control, post-transcriptional and post-translational regulatory processes play essential roles in circadian timekeeping (Kadener et al., 2009; Kim et al., 2002; Lerner et al., 2015; Lim and Allada, 2013; Sathyanarayanan et al., 2004; So and Rosbash, 1997; Yu et al., 2009) .
The complexity of the circadian system extends beyond the single-cell level. In Drosophila, $150 brain neurons express clock gene products. These neurons are organized into a neuronal network. They are clustered in six major subgroups: small and large ventral-lateral neurons (s-LNvs, l-LNvs, and the fifth s-LNv), dorsal-lateral neurons (LNds), and three subgroups of dorsal neurons (DNs1-3). The neuropeptide PIGMENT DISPERSING FACTOR (PDF), the main neuromodulator of the circadian neuronal network, is expressed in the LNvs. PDF is essential for normal circadian activity patterns in light:dark cycles (LD) and for persistent circadian rhythms in constant darkness (DD) (Hyun et al., 2005; Lear et al., 2005; Mertens et al., 2005; Renn et al., 1999) . It exerts a widespread effect on the network (Hyun et al., 2005; Im and Taghert, 2010; Shafer et al., 2008) .
Drosophila molecular studies postulate that the circadian intracellular TTFL is the main timekeeper. This assumption implies that circadian cells keep time on a cell autonomous basis. This fits well with studies performed in mammals (Nagoshi et al., 2004; Welsh et al., 2004) , as well as in Neurospora and cyanobacteria (Brunner and Ká ldi, 2008; Kitayama et al., 2008) . In this context, the main function of the circadian neuronal network is readjusting individual circadian oscillators, hence facilitating resonance or coherence in the network (Abraham et al., 2010; Busza et al., 2007; Depetris-Chauvin et al., 2011; Peng et al., 2003; Tang et al., 2010; Weiss et al., 2014) . However, several studies provided evidence for a role of neuronal connectivity in the timekeeping process per se, in flies (Peng et al., 2003; Weiss et al., 2014) (Nitabach et al., 2002 (Nitabach et al., , 2005 but also see DepetrisChauvin et al., 2011) and mammals (Bernard et al., 2007; Takahashi et al., 2010) .
Nevertheless, in Drosophila, the extent to which the molecular and neuronal circadian networks are intertwined is still not well understood. PDF has a central role in the timekeeping process, as it coordinates phase and amplitude of molecular oscillations of downstream neurons (Collins et al., 2014; Liang et al., 2016; Lin et al., 2004; Nitabach et al., 2006; Peng et al., 2003; Seluzicki et al., 2014; Wu et al., 2008) . Moreover, PDF signaling impacts the TTFL, by promoting the stabilization of the proteins TIM and PER (Li et al., 2014; Seluzicki et al., 2014) . However, the effect of this regulation on CLK-driven transcription is unclear, and PDF might be merely an output of the dominant pacemaker cells (Depetris-Chauvin et al., 2011; Ferná ndez et al., 2007; Nitabach et al., 2005; Shafer and Yao, 2014) . On the other hand, CLK has a key role in development of the pdf-expressing neurons (Allada et al., 2003; Lerner et al., 2015; Park et al., 2000) , but nothing is known about the mechanism employed for CLK regulation over pdf expression. Thus, in this context, the interaction between the neuronal network and the molecular oscillator of individual neurons is far from being established.
In mammalian systems, those issues have been addressed using fluorescent reporters Nagoshi et al., 2004; Quintero et al., 2003) . However, in Drosophila luciferase reporters are more commonly used (Roberts et al., 2015; Sehadova et al., 2009; Stanewsky et al., 2002) . In this study, we developed and utilized fluorescent transcriptional reporters for tim and pdf in an ex vivo brain culture setup, which allows us to perturb and monitor circadian transcription with spatiotemporal precision. Using this approach, we found a reciprocal relationship between CLK activity and pdf transcription and signaling. Interestingly, we found that neuronal activity also modulates pdf transcription, likely utilizing a similar pathway as CLK, involving the transcription factors Drosophila hormone receptorlike 38 (DHR38) and stripe (SR). In sum, our results suggest the existence of a tight inter-cellular feedback loop, involving the transcription factor CLK and the neuropeptide PDF, that tightly wraps together the neuronal network and circadian molecular oscillators.
RESULTS

Development of a Fluorescent Circadian Transcriptional Reporter
To follow CLK-CYC driven transcription in vivo, we generated a circadian fluorescent transcriptional reporter. It contains Drosophila codon-optimized td-Tomato fluorophore downstream to 6.4 kb of the timeless control region. We fused the td-Tomato to a PEST motif and a nuclear localization signal (NLS) to produce a short-lived, nuclear-localized signal (Figures 1A and S1A) . As expected, the reporter is strongly induced by addition of CLK in a system lacking this transcription factor (Drosophila S2 cells; Figure S1B ).
We then generated transgenic flies by random insertion of the timTomato reporter. Five of the lines displayed strong oscillations in TOMATO levels across the day ( Figure S1C ). We choose one line (#7) with moderate fluorescent intensity, low background, and high specificity for circadian neurons for further experiments ( Figure S2A ). Immunostaining with anti-TIM and anti-PDF antibodies shows that the reporter is specifically co-expressed with TIM in all circadian neuronal subgroups, including the LNvs (Figures 1B and S2B ). The line displays mRNA and protein oscillations in fly head extracts with similar phase and amplitude to endogenous tim gene products ( Figures 1C, 1D , S2C, and S2D), likely due to the long maturation time of the tdTomato fluorophore (1 hr at 37 C and probably longer at 25 C). The reporter also recapitulates timeless expression temporally, as we detected synchronized TOMATO oscillations that peak at ZT19 across the circadian neuronal network both in light:dark (LD) as well as in free running conditions (Figures 1E, S2E, and S2F) .
To determine whether the timTomato transgene can be used to report acute changes in CLK activity in vivo, we utilized the CLKGR and ClkSV40 transgenes. The UAS-CLKGR transgene directs the expression of a fusion between CLK and the glucocorticoid receptor ligand-binding domain. This fusion protein acts as a dominant negative of CLK (Weiss et al., 2014) , but addition of the artificial glucocorticoid analog dexamethasone (Dex) activates the fusion provoking a quick and large increases in CLK-dependent transcription McDonald and Rosbash, 2001; Weiss et al., 2014) . We drove expression of CLKGR with the timGAL4 driver (timCLKGR-timTomato flies) and observed a strong upregulation in signal from the reporter, within the circadian cells, in brain of flies incubated with Dex (Figure S2G) . Our timTomato reporter also displayed a strong increase in TOMATO in flies carrying a ClkSV40 transgene (Figure S2H) . Overall, the timTomato reporter recapitulates timeless spatiotemporal expression.
An Ex Vivo System for Assaying Real-Time Dynamics of CLK Transcriptional Activity Circadian rhythms are monitored from cultured adult Drosophila brains using luciferase reporters (Roberts et al., 2015; Sehadova et al., 2009; Sellix et al., 2010; Stanewsky et al., 2002) . To further establish the use of the brain culture system for long-term studies of the circadian network, we dissected fly brains and cultured them in LD for 5 days. We visualized VRI and PDF levels by post-culture immunostaining and found that VRI oscillations persisted in all circadian neuronal groups with similar phase, peaking at ZT15 ( Figures 1F and S2I) .
We utilized this brain culture in combination with our reporter to follow CLK-driven transcription immediately after induction of CLK activity in all circadian cells (using timCLKGR-timTomato flies). As expected, addition of Dex strongly upregulates the reporter in all neuronal groups (Movies S1, S2, and S3). The response starts within less than 24 hr, reaching a plateau after approximately 48-60 hr ( Figure S3 ). Our results demonstrate that dynamic changes in CLK-mediated transcription can be manipulated and simultaneously monitored ex vivo using our reporter across the circadian neuronal network.
CLK Activity in the LNvs Determines the Levels of CLK-Driven Transcription across the Circadian Neuronal Network We followed by using our reporter in the brain culture system with the CLKGR transgene to determine the relationship between CLK-driven transcription in the LNvs and the rest of the circadian neuronal network. We generated flies expressing the UAS-CLKGR transgene under the control of the pdfGAL4 driver together with the reporter (pdfCLKR-timTomato flies). The number of timTomato positive cells was used as a proxy for signal intensity. As expected, expression of the dominant-negative protein CLKGR in the LNvs resulted in a low number of cells expressing detectable levels of the reporter at ZT19 (Figure 2A ; Vehicle). We observed that a large proportion of the DNs and LNds still displayed strong TOMATO signal. Addition of Dex dramatically increased the number of cells expressing the timTomato reporter in the LNvs. Interestingly, the induction of CLK transcriptional activity in the LNvs suppressed reporter signal in the DNs and LNds (Figure 2A ; Dex). The frequency plot of the number of cells expressing TOMATO illustrates this compensatory response ( Figure S4A ). The activation of CLKGR in the LNvs appeared to consistently inhibit tim transcription in the DNs and in some LNds.
To determine the kinetic of this response, we monitored, by live imaging, TOMATO signal from brains of pdfCLKGRtimTomato flies immediately after addition of Dex to the culture (Movie S4; Figures 2A, bottom right, and S4B ). We observed a quick repression in TOMATO signal in the DN1s, shortly after addition of Dex. A quick response in this cellular group is consistent with the physical interaction between s-LNvs and DN1s (Seluzicki et al., 2014). The DN3s were also strongly but slowly affected suggesting that the effect is indirect. TOMATO signal in the l-LNvs remained high throughout this time course. To determine whether this response depends on PDF signaling, we performed the same culture assay utilizing pdfCLKGR-timTomato flies that also carry a mutation in the PDF receptor (PdfR han5 ; Hyun et al., 2005) . Indeed, the presence of the PdfR han5 mutation eliminated the difference in TOMATO signal between vehicle-treated and Dex-treated brains in all neuronal subgroups ( Figure 2B ), demonstrating that this response depends on PDF signaling.
PDF Signaling Regulates Transcription Oscillations in the s-LNvs Surprisingly, in PdfR han5
;pdfCLKGR-timTomato flies, we did not detect any difference in TOMATO signal between vehicle-treated and Dex-treated brains even in the s-LNvs and l-LNvs ( Figure 2B , bottom). This strongly suggests that PDF signaling is required for the cell-autonomous increase in CLKGR-driven transcription induced by addition of Dex. In addition, we observed that introduction of the Pdf receptor mutation lead to a 4-fold increase in TOMATO signal in the s-LNvs of cultured brains ( Figure S4C) . Importantly, the increase does not depend on the expression of CLKGR ( Figure 2C) , showing that PDF signaling regulates CLK-mediated transcription, at least in cultured brains. These results indicate that PDF signaling suppresses CLK-transcriptional activity in the main pacemaker neurons.
CLK Negatively Regulates pdf Transcription Postdevelopment
We next decided to investigate whether CLK activity regulates pdf expression. Indeed, at the same culturing conditions described above, treatment of pdfCLKGR brains with Dex resulted in a significant elevation in PDF levels as indicated by quantification of PDF signal intensity in the LNv cell bodies and the number of PDF positive cells ( Figure S5A , top right and bottom right).
To assess whether CLK regulates pdf at the transcriptional level, we generated transgenic flies carrying a pdfTomato transcriptional reporter, which we built using the same fluorescent protein under the control of a 2.4-kb genomic region from the ) relative to timTomato;UAS-CLKGR brains (control). Left: representative pictures of reporter brains immunostained with anti-PDF antibody (green). A fifth l-LNvs nucleus that is PDF negative is also visible. Right: quantification of the response. n = 31, 20 hemispheres, respectively. Statistical significance determined using two-tailed Student's t test. NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent SEM.
pdf gene ( Figure S5C ; Park et al., 2000) . The reporter is highly specific, thus making identification of pdf-expressing cells straightforward ( Figure S5C , right). We generated pdfCLKGR flies that carry this reporter (pdfCLKGR-pdfTomato). Despite the above-mentioned positive effect on PDF levels, activation of CLKGR by addition of Dex decreased pdf transcription specifically in the s-LNvs, as indicated by the intensity of TOMATO signal ( Figure 3A ). This result suggests that CLK activity in the LNvs inhibits pdf transcription. To confirm this post-developmental effect of CLK on pdf transcription in vivo, we knocked down Clk in the LNvs of pdfTomato brains using the pdfGAL4 driver (pdfGAL4-pdfTomato-CLK RNAi ). In agreement with the result described above, downregulation of Clk in developed pdf-expressing cells resulted in more than 3-fold upregulation in TOMATO intensity in the s-LNvs and with a mild increase in PDF levels (Figures 3B and S5B) . Overall, we conclude that CLK suppresses pdf transcription post-development.
DHR38 and SR Links CLK Activity to pdf Transcription
To determine the mechanism by which CLK regulates pdf expression, we identified putative regulators of pdf transcription using a yeast one-hybrid (Y1H) screen. For doing so, we generated five partially overlapping fragments from the 2.5-kb pdf promoter ( Figure S6 ) and utilized a previously described library of 650 Drosophila transcription factors (Hens et al., 2011) . This assay identified 27 putative regulators of pdf (Table 1) . We then focused on candidates that are strongly enriched in the s-LNvs and known to be activated by the Mef2 and CLK transcription factors (Abruzzi et al., 2011; Kula-Eversole et al., 2010; Nagoshi et al., 2010; Sivachenko et al., 2013) . Mef2 has been shown to mediate between CLK and the plasticity of the terminals in the pdf-expressing cells. We found two such candidates DHR38 and SR ( Figure S6 ). We assessed the effect of these factors on pdf transcription by expressing RNAi transgenes in the pdf-expressing cells of flies which also carry the pdfTomato reporter (pdfGAL4-pdfTomato-RNAi). Interestingly, downregulation of dhr38 and sr led to a strong upregulation of pdf transcription (Figures 4A and 4B) , suggesting that both transcription factors inhibit pdf transcription. Consistently with this result, downregulation of sr lead to an increase in PDF levels (Figures 4B and S7C) . However, downregulation of dhr38 either in the pdf or tim-expressing cells reduced PDF levels, suggesting that this transcription factor regulates PDF expression at different levels (Figures 4A, S7A, and S7B).
Neuronal Activity Modulates pdf Expression
Interestingly, dhr38 and sr were also identified as activity regulated genes in Drosophila (Fujita et al., 2013 ; X. Chen and M. Rosbash, personal communication) suggesting neuronal firing could regulate pdf levels. Thus, we determined whether pdf transcription is regulated by neuronal firing by using the heat-activated cation channel dTrpA1 (Rosenzweig et al., 2005) in the pdf-expressing cells of flies that also carry the pdfTomato reporter (pdfGAL4-pdfTomato-TRP). DHR38 protein levels have been shown to reach a maximal expression within 2 hr of stimulation of the dTrpA1 channel (Fujita et al., 2013) . Thus, we determined the changes in TOMATO expression and PDF immunoreactivity in the LNvs of flies that were entrained at 25 C and stimulated at 33 C for 2 hr ( Figure 4C ). We observed that both experimental and control groups respond to the heat stimulation by downregulating TOMATO and PDF levels ( Figure 4C ), plausibly due to the partial overlap in expression of the endogenous dTrpA1 channel-RNA and protein-with the PDF-expressing cells and the s-LNvs specifically (Das et al., 2016 ; Kula-Eversole et al., respectively. Statistical significance was determined using two-tailed Student's t test, NS, not significant *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent SEM.
2010). Nevertheless, the decrease in TOMATO and PDF signal intensity, relative to the basal levels at 25 C, was significantly stronger in flies overexpressing the channel in the s-LNvs (Figure 4C) , and the expression of the TRP channel strongly contributed to downregulate pdf expression in the s-LNvs at 33 C ( Figure S7D ). We conclude that neuronal activity of the LNvs suppresses pdf expression in the s-LNv. Our previous results strongly suggest that this effect is mediated by DHR38 and SR.
PDF Signaling Positively Modulates pdf Expression
Our results indicate a strong and mutual regulation between Clk and pdf. This predicts that PDF should regulate pdf transcription, at least indirectly. To test this, we utilize the pdfTomato reporter to evaluated pdf expression in PdfR han5 mutant flies. We found that both pdf transcription and PDF immunostaining were strongly downregulated in PdfR han5 flies ( Figure 5A , left and right, accordingly), suggesting that PDF signaling is necessary for continuous pdf expression. To determine whether continuous activation of PDF signaling will increase pdf transcription, we utilized the tethered-PDF (t-PDF) technology (Choi et al., 2009 (Choi et al., , 2012 . Indeed, expression of t-PDF transgene in the pdfexpressing cells leads to a significant increase in pdf transcription, compared to controls, as assessed by the pdfTomato reporter ( Figure 5B ). Together, the results presented in this section demonstrate that PDF signaling positively modulate pdf transcription.
DISCUSSION
Here, we utilized an ex vivo brain culture system combined with recently developed fluorescent transcriptional reporters to analyze interactions between the neuronal network and the molecular oscillator in the Drosophila circadian system. We found that activation of CLK in the LNvs inhibits CLK activity in the other circadian groups. We showed that CLK and PDF regulate each other and that neural activity regulates pdf transcription, probably through a common pathway involving the direct CLK targets Hr38 and sr. We also found that PDF signaling is required for pdf transcription, adding additional complexity to this cycle. Together, this study identified a tight connection between the core molecular circadian pacemaker, neuronal activity, and PDF. We present an important technical innovation: the use of fluorescent reporters in dissected brains in culture to study circadian regulation. Our reporter system can be used to evaluate pdf and CLK-dependent transcription at single-cell resolution. This type of system has not been used in Drosophila. Using our tim reporter, we were able to visualize and follow dynamics in CLK activity across the circadian network. Our VRI staining demonstrated that long-term ex vivo brain culture supports coherent molecular oscillations in all neuronal groups. As reported (Ayaz et al., 2008) , we also observed some degree of abnormality in PDF staining of these cultures.
Our data revealed that PDF signaling negatively regulates CLK activity in the s-LNvs ( Figures 2C and S4C ). The timTomato reporter is the best tool available to specifically evaluate CLKdriven transcription in the s-LNvs. As, TIM and PER levels are under strong post-transcriptional control, which can also be regulated by PDF signaling (Li et al., 2014; Seluzicki et al., 2014) . The latter is analogous to the one described for Vasoactive Intestinal Polypeptide (VIP) and PER1 in the mammalian suprachiasmatic nucleus (SCN) (Maywood et al., 2006) . The effect of PDF signaling on CLK-driven transcription in the s-LNvs can likely be extended to the other circadian cells (Figures 2A  and 2B ). However, further studies are needed to determine the mechanism of this compensatory effect. This is mainly due to the opposite effects that CLK-driven transcription has on pdf transcription and overall PDF levels.
The lack of ability to activate the CLKGR transgene ( Figure 2B ) could be due to several reasons, including: (1) the tim promoter is already active up to its maximal capacity; (2) CLKGR cannot be activated by the addition of Dex in the PdfR Han5 mutants; and (3) a combination of both options. It is also possible that PDF signaling somehow interferes with Dex induction of CLKGR, although we did not find experimental support for this possibility.
Since we show that in the absence of PDF signaling there is a 4-fold increase in signal originated from the timTomato reporter Gene that was previously identified as direct CLK targets and enriched in the LNvs. Interestingly, all four bind pdf most proximal bait fragment (see also Figure S6 ).
in s-LNvs ( Figure S4C ) and since similar increase was observed independently of CLKGR expression ( Figure 2C ), we can conclude that in the absence of PDF signaling endogenous CLK activity is higher. We speculate that the observed increase in endogenous CLK activity overrides the ability to activate CLKGR in the PdfR Han5 flies. Figure S7D . Statistical significance was determined using two-tailed Student's t test, NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent SEM.
Previous studies support the notion that CLK positively regulate the development of the pdf cells (Allada et al., 2003; Lerner et al., 2015; Park et al., 2000; Zhao et al., 2003) . However, those studies rely on the broad expression of CLK protein. Here, we show that specific induction of CLK activity in the adult main pacemaker cells, as well as silencing CLK post-development of the pdf cells using the pdfGAL4 driver, result in repression of pdf transcription (Figure 6, model) . This suggests opposite effects of CLK on pdf transcription either pre and post-development of the LNvs or within and outside the LNvs. As PDF signaling positively regulates pdf expression, the continuous expression of pdf by the LNvs is a consequence of a balance between CLK and PDF activities. Neuronal electrical activity might have a crucial role in this balance, as it can suppresses pdf transcription in the main pacemaker cells through Hr38 and sr. The effect of CLK on pdf seems to also involve those factors that are direct CLK and MEF2 transcriptional targets (Abruzzi et al., 2011; Sivachenko et al., 2013) Although CLK, HR38, SR, and neuronal activity downregulate pdf transcription, their effects on PDF neuropeptide levels are intriguing. Knockdown of hr38 ( Figure 4A ) and activation of CLKGR ( Figures 3A and S5A ) yielded opposite effects on the pdfTomato reporter and PDF levels (up and down or down and up, respectively). This suggests that hr38 is involved in the regulation of pdf by CLK but also that there might be a more complex post-translational effects on PDF. However, neural stimulation downregulates both pdf transcription and protein levels, reinforcing the idea of additional regulatory factors and possibly post-translational control over PDF expression/processing/ secretion. Hence, our model predicts that both neuronal firing and CLK activity are indirectly regulating pdf transcription, not only through promoting activities of targets genes such as dhr38 and sr, but also through the post-translational control over PDF (Sivachenko et al., 2013 ) since, as we show here, 
UAS-tet-PDF(ML);pdfTomato, UAS-tet-PDF(ML);pdfTomato, pdfGAL4;pdfTomato/UAS-tet-PDF(LL), pdfTomato/UAS-tet-PDF(LL)
. Bottom: quantification of TOMATO and PDF in the s-LNvs (left) and l-LNvs (right). n = 23, 28, 24, 25, 20 hemispheres, respectively. Statistical significance was determined using one-tailed Student's t test. NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent SEM.
PDF feeds back to regulate pdf transcription (model, green dotted arrow). This positive auto-regulation introduces complexity to the CLK-PDF feedback loop, and it is in agreement with a previously proposed model for PDF auto-receptor signaling in the LNvs (Choi et al., 2012) . This intriguing feature of the loop should be addressed in future studies in order to extend our understanding of how post-translational mechanisms for PDF regulation affect its own transcription. The regulation of PDF signaling on pdf transcription can be also predicted from the strong and mutual regulation between Clk and pdf; however, we favor a more direct effect of PDF signaling on pdf transcription (model, green dotted arrow). We have identified other putative regulators of pdf (Table 1) . Their influence on pdf transcription remains to be determined. Interestingly, the transcription factor TTK is expressed in all TIM positive circadian neurons except the LNvs , suggesting it might be an important endogenous regulator of pdf spatial expression.
PDF signaling was shown to be required for normal pattern of oscillations in CLK-driven transcription under constant darkness (Peng et al., 2003) . Based on the upregulation of timTomato in PDFR mutant, we postulate that in the pacemaker cells PDF feedback is required for normal pattern of oscillations in CLKdriven transcription under light:dark cycles (Figure 6 , model: inhibitory red arrow). Since ZT19 is the peak of TOMATO expression in the s-LNvs ( Figure 1E , white circle), upregulation at this ZT cannot be a consequence of a phase shift; thus, it must reflect an increase in the amplitude of TOMATO oscillation. This demonstrate that in the absence of PDF signaling, the LNvs lose control of their own circadian molecular clockwork (Collins et al., 2014; Peng et al., 2003) , likely because it is overridden by signals from the LNds and/or the DNs (Weiss et al., 2014; Yao and Shafer, 2014) .
In sum, our findings challenge the notion that PDF is a merely output of the circadian system. Indeed, we demonstrate the existence of an uncharacterized and essential CLK-PDF-CLK regulatory loop in the LNvs that integrates PDF signaling into CLK transcriptional activity and neuronal activity indirectly regulates pdf levels (red inhibitory arrow) likely through a common pathway involving hr38 and sr (green arrow). PDF feedbacks into the s-LNvs to resist its own inhibition by suppressing CLK activity (red inhibitory arrow) and inducing its own transcription (dotted green arrow). The model predicts that post-translational control over PDF expression/processing/secretion regulates pdf transcription.
the single-cell molecular oscillator. The question of whether PDF feeds back to the same cells that secrete it within the subgroup of s-LNvs or whether its role as a communication agent is also applied within this subgroup remains to be answered in order to determine the final impact of this loop on the concept of cellular autonomy in the fly brain.
EXPERIMENTAL PROCEDURES
Cloning of Reporter Constructs and DNA Baits of the pdf Promoter To generate the timTomato reporter construct, a Drosophila codon optimized TdTomato-NLSx3-PEST coding sequence was fused with a SV40 3 0 UTR in a pCaSpeR4 vector downstream to a 6.4-kb DNA fragment containing the promoter and 5 0 UTR stretching into to the second exon ATG of the timeless gene.
To generate the pdfTomato reporter, we utilized a similar approach but using a previously a 2.45-kb fragment containing the genomic region upstream to the pdf gene transcription start site inserted in a pattB based vector. To generate DNA baits of the pdf promoter for Drosophila transcription factor screen (Y1H), we used a carrier vector containing the 2.45-kb promoter of the pdf gene as a template to generate five overlapping PCR fragments approximately 600 bp long (see the Supplemental Experimental Procedures).
Fly Strains
The reporter transgenic fly lines were generated by BestGene using the P-element-mediated germline transformation for tim reporter and PhiC31 integrase method into the pattP2 site for pdf reporter.
TimGAL4, pdfGAL4,pdfR
Han5 , UAS-CLKGR; UAS-Dcr2, Hr38 RNAi , sr RNAi ,
Clk
RNAi ,UAS-t-PDF, UAS-TrpA1, and ClkSV40 fly lines were previously described (Choi et al., 2009 (Choi et al., , 2012 Dietzl et al., 2007; Hyun et al., 2005; Kaneko and Hall, 2000; Lerner et al., 2015; Perkins et al., 2015; Renn et al., 1999; Sivachenko et al., 2013; Weiss et al., 2014) .
Drosophila Adult Brain Culture
Flies were dissected (leaving trachea and imaginal discs) in 1 3 PBS on a clean surface at room temperature. Each brain was immediately placed in a separate well of a 96-well plate containing 150 ml Drosophila Shield and Sang M3 insect medium (10% FBS, insulin [10 mg/mL], and a 1:100 dilution of antibiotic solution). For activation of CLKGR in culture, the medium was prepared with a supplement of 10 mg/mL dexamethasone (D4902; Sigma), kept in 100% ethanol, and diluted 1:500 (Dex) or with a 1:500 dilution of 100% EtOH only (vehicle). Plates were incubated at 25 C for 96 hr under LD conditions. Post-culture Procedure Brains were taken out from the well, cleaned in ice-cold 1 3 PBS, and then fixed with 4% paraformaldehyde (PFA) for 20 min at room temperature. Brains were then washed with ice-cold 1 3 PBS before downstream application (visualization or immunolabeling) (see the Supplemental Experimental Procedures).
Live Imaging
Dissected brains were completely cleaned from trachea to avoid floating of the sample. Brains were then placed on a 12-mm cell-culture insert (Millipore) inside a 35-mm culturing dish containing 800 ml of culture medium as previously described (Ayaz et al., 2008) and entrained for 24 hr at 25 C in LD. Medium was supplemented with Dex or vehicle before time-lapse imaging was performed (one frame/30 or 40 min). 
Confocal Microscopy
Images Analysis and Statistics
For relative intensity quantification, background was manually determined and subtracted. Both the sum and the average signal intensity of an auto or manually detected ROIs were calculated. Signal was summed across all confocal planes surrounding the neuronal cell bodies belong to a certain sub-neuronal group in the brain. The average signal of the whole population of samples was then calculated, and statistical significance was determined. For cell-numberbased quantification, microscope settings were set as permissive for weak signal (high excitation energy and low detection threshold). The number of cells in a certain neuronal group was determined based on the existence of a positive (weak or strong) TOMATO or PDF signal. TOMATO signal in the s-LNvs of reporter brains was quantified from brains over-stained for PDF and by evaluation of anatomical location. Significance was than determined using a two-tailed Student's t test.
Transfection in S2 Cells S2 cells were maintained using standard procedures and transfected using 1.5 ml Trans-IT insect transfection reagent (Mirus). The timTomato and timYFP (Lerner et al., 2015) were transfected in equal molarity (400 and 200 ng, respectively) with 100 ng pActin-CLKV5 or pMT-ClkSV40. DNA was adjusted to 0.5 mg with pBluescript. 12 hr post-transfection, Cu +2 was added to a final concentration of 1 mM. 48 hr post-induction, cells were washed and imaged.
Yeast One Hybrid
The yeast one-hybrid screens were conducted as described in Hens et al. (2011) and further detailed in Hens et al. (2012) . Table 1 . Identification of putative regulators of pdf using Yeast One Hybrid (Y1H). Schematic representation of the fragments of the pdf control region that were generated in order to identify putative regulators using a yeast one hybrid (Y1H) screen. The screen identified interaction with 27 genes (Table 1) . Interestingly, 4 of these genes are CLK targets and enriched in the LNvs, and they interact with pdf most proximal promoter fragment generated. Two of these genes are also Mef2 direct targets -Hr38 and SR. 
SUPPLEMENTAL INFORMATION
Supplemental Experimental Procedures:
Cloning of reporter constructs and DNA baits of the pdf promoter:
To generate the timTomato reporter construct, a reconstitution cassette (for the pCaSpeR4 MCS) containing a Drosophila codon optimized TdTomato-NLSx3-PEST coding sequence with a SV40 3'-UTR (synthesized by GenScript) was cut from pUC57 carrier vector and inserted into pCaSpeR4 between XhoI-KpnI sites (See Figure S1A for details about restriction sites included in the cassette). A previously characterized 6.4 kb fragment containing the promoter and 5'-UTR stretching into to the second exon ATG in the timeless gene (Stanewsky et al., 2002) was amplified from genomic DNA using the forward primer (include a XhoI restriction site) 5'-TCCGAACTCGAGTCCAGGTCAACACTGTCATA-'3 and reverse primer (includes a AvrII restriction site) 5'-ACGGTTCCTAGGCGACTGCGAACATTGAGGTA-'3, and ligated between XhoI and AvrII sites in the reconstructed MCS of pCaSpeR4.
To generate the pdfTomato reporter construct a previously characterized (Park et al., 2000) 2.45 kb fragment containing the genomic region upstream to the pdf gene transcription start site, was cut from a carrier vector and ligated in a pattB-sv40 based vector between BamHI and EcoRI. Drosophila codon optimized TdTomato-NLSx3-PEST coding sequence with a SV40 3'-UTR was cut from pUC57 carrier vector and inserted downstream to the pdf promoter in the pattB-sv40 vector between EcoRI and NotI.
To generate DNA baits of the pdf promoter for Drosophila transcription factor screen (Y1H) we used a carrier vector containing the 2.45 kb promoter of the pdf gene as a template to generate five overlapping PCR fragments approximately 600 bp long, that contain restriction sites for BamHI-Acc65I, using the following sets of primers: Fragments were cloned into BamHI-KpnI site in a pENTRY-5' vector and then sub-cloned using the recombination based Gateway cloning strategy into pMW2 pBD-HIS using LR Clonase (Invitrogen).
Drosophila adult brain culture:
Post-culture applications: Visualization of TOMATO or immune-staining of the brains were performed immediately after fixation to avoid fading of TOMATO signal. For time-course experiments, fixed brains were re-immersed in 0.2% PFA and placed in 4˚C until all samples collected (more than 72h in 4˚C under these conditions will result in high TOMATO background signal in the sample).
Immunofluorescence:
Performed as previously described (Lerner et al., 2015) with minor modifications. 1 st antibodies were used at: 1:1500 dilution for mouse Anti-PDF (a gift from the Justin Blau lab), 1:1000 Rat anti-TIM (a gift from Michael Rosbash) and 1:2000 guinea pig anti-VRI (a gift from Paul Hardin). The Anti-mouse,
anti-rat and anti-guinea pig 2 nd antibodies were diluted 1:1000 (Alexa Fluor conjugated 488, 555 and 633).
qPCR:
Real-time RT-PCR was performed as described in (Weiss et al., 2014) , using the same primer sequences for tim and vri. Primers for Drosophila codon optimized Td-Tomato used in this study were: For: 5'-TGGACATCACGTCGCATAAT-'3 and Rev: 5'-TACAGCTCATCCATGCCGTA-'3.
Western Blot analysis:
Western blots with anti-VRI, anti-TIM and anti-TUBULIN antibodies were performed as described in (Weiss et al., 2014) . TOMATO was detected by anti-mouse DsRed polyclonal antibody (purchased from Clontech). 
